Rhenium based noncentrosymmetric superconductors crystallizing in α-Mn structure have become potential candidates to exhibit an unconventional superconducting ground-state. Here we report a detailed investigation on the superconducting and normal state properties of Re5.5Ta, that also has the α-Mn structure. Magnetization, specific heat, and transport measurements confirm the bulk superconducting transition T C at 8.0 K. Upper critical field value (HC2(0)) calculated from magnetization, specific heat and AC transport measurements exceed the Pauli paramagnetic limit (14.7 T), indicating that the superconducting properties of Re5.5Ta are probably unconventional in nature. However, low-temperature specific heat and transverse-field muon spin rotation measurements suggest a surprising nodeless isotropic superconducting gap, although with strong electron-phonon coupling.
I. INTRODUCTION
In the superconducting state, the symmetry of the order parameter plays a vital role. In conventional superconductors, gauge symmetry is broken, whereas additional symmetries, such as time-reversal symmetry may also be broken in unconventional superconductors. Noncentrosymmetric (NC) superconductors have recently emerged as an exciting class of unconventional superconductors, where the underlying crystal structure lacks inversion symmetry [1] [2] [3] [4] [5] [6] [7] . The lack of inversion symmetry in these superconductors removes the spin degeneracy of the electronic states through an anti-symmetric spinorbit coupling (ASOC). It leads to the splitting of the Fermi surface into two different helicity bands and has a strong influence on the possible Cooper pairing states. This, in turn, may induce the admixture of spin singlet and triplet components where the extent of mixing is determined by the magnitude of ASOC splitting [8, 9] . This possible mixed pairing may lead to superconductors with exotic properties which are not observed in conventional superconductors, such as: upper critical field exceeding or close to Pauli paramagnetic limit [1, 10, 11] , nodes in the superconducting gap, [12] [13] [14] [15] and time-reversal symmetry breaking (TRSB) which is a rarely observed phenomenon [16] [17] [18] [19] [20] [21] [22] .
Recently, Re-based superconducting binary alloys [ReX (X = transition metal)] [16] [17] [18] [19] [20] crystallizing in NC α-Mn structure have received huge attention due to the frequent occurrence of TRSB in this series of compounds. But the similar TRSB signal below T C in these materials, independent of transition metal X raises a question about the role played by the strength of spin-orbit coupling. Recent observation of TRSB in pure Re, which crystallizes in a centrosymmetric structure with space group: * rpsingh@iiserb.ac.in P6 3 /mmc [20] indicates that the dominant d-bands of Re and its local electronic structure may be crucial for the TRSB in Re based superconductors. At the same time, the absence of TRSB in Re 3 W [23, 24] and Re 3 Ta [25] despite its crystallization in a α-Mn non-centrosymmetric structure raises further questions. It suggests the presence of a critical amount of Rhenium which gives rise to the exotic features in the superconducting state, rather than the inversion asymmetry. To further understand the role of Re in time-reversal symmetry breaking in elemental Re and Re-based compounds, it is clearly required to study new Re rich compounds that crystallize in α-Mn crystal structure.
In this paper, we report the synthesis of a new compound Re 5.5 Ta having a NC α-Mn crystal structure. The magnetization, resistivity, and specific heat measurements confirm bulk type-II superconductivity with an onset temperature of 7.95 K. The upper critical field value determined by the previously mentioned measurements exceed the Pauli paramagnetic limit (14.7 T) . This is a strong indicator for possible unconventional superconductivity. Muon spin rotation and relaxation (µSR) measurements provide the information on the superconducting gap symmetry and nature of the superconducting ground state.
II. EXPERIMENTAL DETAILS
A polycrystalline sample of Re 5.5 Ta was prepared by arc melting the constituent high purity elements, Re and Ta on a water-cooled copper hearth under an argon gas atmosphere. The as-cast ingot was flipped and remelted several times to ensure phase homogeneity with negligible weight loss. A powder X-ray diffraction (XRD) pattern was collected at room temperature using a PANalytical diffractometer equipped with CuKα radiation (λ = 1.5406 Å). Magnetic, specific heat, and electrical resistivity measurements were done on a superconducting quan- tum interference device (MPMS 3, Quantum Design) and a 9T physical property measurement system (PPMS).
Muon spin rotation/relaxation measurements were performed on the MuSR spectrometer [26] at the ISIS pulsed muon facility, Rutherford Appleton Laboratory, United Kingdom. The measurements were performed in zerofield (ZF), transverse-field (TF), and longitudinal-field (LF) configurations.
III. RESULTS AND DISCUSSION a. Sample characterization
The XRD pattern collected at room temperature was refined using the FullProf software. The refinement, shown in Fig. 1 , confirms the phase purity and the crystal structure as cubic α-Mn with space group I43m. The lattice constant is: a = 9.628 Å. Other parameters obtained from the refinement, such as occupancy, atomic and Wyckoff positions, are listed in Table I . The crystal structure of Re 5.5 Ta corresponding to one unit cell is given in the inset of Fig. 1 where Ta atoms are represented by solid green circles and Re atoms by solid orange circles.
b. Superconducting and normal state properties
Electrical resistivity
Electrical resistivity versus temperature, ρ(T), measurement was performed in zero applied magnetic field in the temperature range 1.8 K ≤ T ≤ 250 K [see Fig. 2 ]. The residual resistivity ratio, found to be 1.2 for Re 5.5 Ta is in good agreement to other Re based materials [27] [28] [29] .
ρ(T ) drops to zero at T C,onset = 8.06 K, resulting in T C,mid = 8.0 K and 90 -10% transition width ∆T < 0.2 K [see inset of Fig. 2] . The low-temperature resistivity data were fitted in the temperature range 10 K to 50 K using a power-law relation: ρ(T ) = ρ 0 + AT n , where ρ 0 represents the residual resistivity due to impurities and lattice defects, and A gives information about the degree of electron-electron correlation in the material. The best fit to the data is obtained when n = 2, which suggests the Fermi-liquid type temperature dependence in the normal state resistivity [27, 29, 30] , yielding ρ 0 = 89.95 ± 0.08 µΩ-cm and A = 0.00121 ± 0.000064 µΩ-cm K −2 . The values of A and ρ 0 suggests that Re 5.5 Ta is a weakly correlated and disordered system, respectively.
The Kadowaki-Woods ratio is a measure of the magnitude of the electron-electron correlation and is given by the expression K w = A/γ 2 n where A is the coefficient of quadratic term in resistivity and γ n is given by Som-merfeld constant from specific heat data. By taking A = 0.00121 µΩ-cm K −2 and γ n = 25.33 mJmol 
Magnetization
Figure 3(a) shows the temperature variation of the magnetic susceptibility collected via zero-field cooled warming (ZFCW), and field cooled cooling (FCC) modes in an applied field of 1mT. Both regimes exhibit a diamagnetic signal at a transition temperature, T C = 8.0 ± 0.1 K. A weak diamagnetic signal in the FCC data on entering the superconducting state is due to the magnetic flux pinning.
To determine the lower critical field H C1 , the lowfield magnetization curves as a function of an applied magnetic field (0 -18 mT) were measured at various temperatures and are shown in the inset of Fig. 3(b) . H C1 is defined as the point deviating from the linear or the Meissner line for the initial slope in the magnetization curves. For each of the M-H curves, the point of deviation from the Meissner line is computed and analyzed using the Ginzburg-Landau relation (see main Fig. 3(b) ).
H C1 (0) is estimated to be 3.23 ± 0.02 mT. In order to calculate the upper critical field, H C2 (0), the effect of the applied magnetic field on T C is measured by various techniques, such as: resistivity, magnetization, and specific heat. The inset of Fig. 3 (c) represents the temperature variation of resistivity in the field range of 0 T to 7 T. An increase in the applied magnetic field suppresses T C . In the magnetization measurement, the onset of a diamagnetic signal is considered as the transition temperature whereas, in the case of resistivity and specific heat data, the midpoint is taken as the criteria for T C . Figure 3 (c) shows a linear response in H C2 (T) from all the above-mentioned measurements when plotted against reduced temperature t = T/T C . As seen in the inset of Fig. 3 (c) that superconductivity is not suppressed even at 7 T, evidences a more significant value of the upper critical field. The temperature variation of H C2 (T) can be well described by the relation
The data fits well in all the cases, yielding upper critical field, H C2 (0): 22.11 ± 0.32 T, 14.89 ± 0.13 T and 16.47 ± 0.43 T from magnetization, resistivity, and specific heat measurements respectively.
According to BCS theory, the Pauli limiting field is given by H P C2 (0) = const.T C where const. = 1.86 T/K [34, 35] . For Re 5.5 Ta, H P C2 (0) = 14.78 T, which is interestingly less than the H C2 (0) calculated from all the measurements. The orbital limit for an upper critical field is given by Werthamer-Helfand-Hohenberg (WHH) expression [36, 37] 
The initial slope
at T = T C is estimated to be 1.69 ± 0.24 T/K. Considering α = 0.693 gives the orbital limiting upper critical field H orbital C2
(0) = 9.33 ± 0.79 T. The Maki parameter [38] which is a measure of the relative strength of Pauli and orbital limits for the upper critical field, is derived from the expression
89. This value indicates the non-negligible effect of the Pauli limiting field for Re 5.5 Ta [39] . The upper critical field H C2 (0) determined for Re 5.5 Ta is higher than both the Pauli and orbital limiting fields, suggesting the probable presence of some triplet component in the superconducting ground state like in other Re 6 X compounds [16, 27] .
The calculated values of H C2 (0) and H C1 (0) have been used to estimate two fundamental length scales of a superconductor:
Ginzburg-Landau coherence length (ξ GL (0)) is given by the following expression:
is the magnetic flux quantum. Using H C2 (0) = 16.47 T, it is evaluated to be 44.83 ± 0.58 Å. The obtained value of H C1 (0) and ξ GL (0) provides information about Ginzburg-Landau penetration depth λ GL (0) using the relation [41] 
For H C1 (0) = 3.23 ± 0.02 mT and ξ GL (0) = 45 ± 1 Å, λ GL (0) is found out to be 4949 ± 9Å. The GinzburgLandau parameter κ GL is related to ξ GL (0) and λ GL (0) by the relation:
. Using the calculated values of ξ GL (0) = 45 ± 1 Å and λ GL (0) = 4949 ± 9Å, the value obtained for κ GL = 111 ± 1. It indicates that Re 5.5 Ta is a strong type II superconductor. An estimation of the thermodynamic critical field H C has been done by using the relation [41] :
C lnκ GL , and provides the value of H C = 107 ± 3 mT. Figure 4 (a) represents the zero-field specific heat data. The discontinuity at the superconducting transition temperature, T c = 7.90 ± 0.10 K is in good agreement with the resistivity and magnetization measurements [see inset Fig. 4(a) ]. Low-temperature specific heat data in Fig. 4 (a) are well described by the relation: where Sommerfeld coefficient, γ n represents electronic contribution, Debye constant, β 3 provides the information regarding phononic contribution, and β 5 represents the anharmonic contribution to the specific heat. Fitting C/T Vs T 2 data with Eq. (5) gives: γ n = 25.33 ± 1.52 mJmol
Specific heat
The Sommerfeld coefficient, γ n is directly related to the density of states, D C (E F ) via the relation: The λ e−ph represents the electron-phonon coupling constant which gives the strength of attractive interaction between electron and phonon. In the McMillan's Model [42] , λ e−ph takes into account the computed values of θ D and T C as follows:
Here µ * accounts for screened Coulomb repulsion and is taken to be 0.13. By considering θ D = 310 K and T C = 7.90 K, we obtain λ e−ph = 0.73. This value of λ e−ph classify Re 5.5 Ta as a strongly coupled superconductor when compared with other moderately coupled NC superconductors such as Re 6 Hf (λ e−ph = 0.63) [43] , Re 24 Ti 5 [28] and Re 3 Ta [29] (λ e−ph = 0.6).
Electronic contribution to specific heat, C el , can be calculated by subtracting the phononic contribution, C ph = β 3 T 3 + β 5 T 5 , from total specific heat. The normalized magnitude of electronic specific heat jump ∆C el γnT C = 2.04, which is significantly higher than the BCS value 1.43 in the weak coupling limit, suggesting that the superconducting state in Re 5.5 Ta has a stronger electron-phonon coupling than the BCS superconductors [44, 45] .
The low-temperature specific heat data was fitted by the single-gap BCS expression for normalized entropy S given by the following relation
where
, where E(ξ) is the energy of the normal electrons measured relative to Fermi energy, y = ξ/∆(0), t = T /T C and ∆(t) = tanh[1.82(1.018((1 /t)-1)) 0.51 ] is the BCS approximation for the temperature dependence of energy gap. The normalized entropy S is related to the normalized electronic specific heat by
The dotted line in Fig. 4(b) is the fit to the data using single gap BCS model. From this fit we obtain, α = ∆(0)/k B T C = 1.99, which is higher than the BCS value of α = 1.764, indicating a strongly coupled superconductivity.
Muon spin rotation and relaxation
To investigate the superconducting ground state of Re 5.5 Ta at a microscopic level, muon spin rotation and relaxation measurements were carried out. TF µSR measurement was performed in an applied field of 30 mT perpendicular to the initial muon spin polarization and above H C1 and below H C2 , thus allowing the generation of a flux line lattice in the mixed superconducting state. Typical asymmetry spectra recorded above and below T C are displayed in Fig. 5(a) . The time-domain spectra were best fitted by the decaying Gaussian oscillatory function given below
where φ, A i , B i , σ i and γ µ /2π = 135.5 MHz/T are the initial phase, asymmetry, mean field of the ith component of the Gaussian distribution, relaxation rate and muon gyromagnetic ratio, respectively. A bg and B bg are the background contributions for the asymmetry and the field which originates from the muon hitting the sample holder or the walls of the cryostat. We found that two Gaussian components (N=2) are sufficient to fit the asymmetry spectra for our sample. The second moment method has been used to calculate the total depolarization rate σ and its temperature dependence, as displayed in Fig. 5(b) . The first and second moments are described as:
Above the transition temperature T C , σ has an almost constant value which is attributed to the nuclear dipolar field, σ ndip . To extract the superconducting contribution σ sc , σ ndip = 0.24756 was subtracted from σ using the following expression
For a superconductor with hexagonal Abrikosov flux line lattice and large upper critical field, the penetration depth, λ, is related to σ sc as follows [46, 47] :
where γ µ /2π = 135.5 MHz/T is the muon gyromagnetic ratio, and Φ 0 is the magnetic flux quantum. The temperature dependence of calculated λ −2 is presented in Fig. 5(c) . At low temperatures (T C /3), λ −2 appears to be flattened or temperature independent. This indicates fully gapped or s-wave superconductivity and excludes the possibility of nodes in the energy gap. This also yields the magnetic penetration depth at T = 0 K, λ(0) = 4226 ± 9 Å which is slightly less than the value found from magnetization measurements.
For further verification of the nature of superconducting gap, the temperature dependence of the London penetration depth λ(T ) for a s-wave BCS superconductor in 9). b) Temperature dependence of total depolarization rate, σ, using second moment method. c) Variation of λ −2 with respect to temperature for Re5.5Ta where line represents s-wave fitting using Eq. (14) .
the dirty limit within the local London approximation has been studied using the following expression:
] is the BCS approximation for the temperature dependence of the energy gap. This fit yields a value of energy gap ∆(0) = 1.59 meV and ∆(0)/k B T C = 2.39 which is much higher than the expected BCS value 1.76. It is indicative of strong electron-phonon coupling in the superconducting state of Re 5.5 Ta consistent with the specific heat data. Such an enhanced value of the superconducting gap is also observed in other strongly coupled NC superconductors [44, 45, [48] [49] [50] .
In order to address the question regarding the timereversal symmetry breaking in Re 5.5 Ta, zero-field muon spin relaxation (ZF-µSR) measurements were carried out. The time-domain relaxation spectra are recorded below (T = 0.6 K) and above (T = 11.8 K) the transition temperature, T c = 8.0 K and are shown in Fig. 6(a) . The absence of oscillatory components in the spectra rules out the presence of any ordered magnetic structure. There is an appreciable change in the relaxation rates of the spectra recorded below and above the transition temperature T c . The relaxation rate is stronger in the superconducting state in comparison to the normal state, which indicates the presence of internal magnetic fields in the superconducting state.
In ZF-µSR, where at low-temperatures, muon diffusion is not appreciable, the behaviour of asymmetry spectra are modelled by the Gaussian Kubo-Toyabe (KT) function [51] 
where ∆ represents the muon spin relaxation due to the randomly oriented, static nuclear moments experienced at the muon site. The best description of the spectra in zero-field is given by the following function:
where A 0 is the initial sample related asymmetry, A 1 is background contribution to asymmetry from the muons stopping in the sample holder whereas Λ accounts for the electronic relaxation rates. The solid lines in Fig. 6(a) represent the fits, using Eq. (16), and yields the temperature dependence of ∆(T). The shape of ∆(T) gives rise to several possibilities: the significant increase of ∆ at low temperatures suggests a spontaneous emergence of the internal magnetic field in the superconducting state of Re 5.5 Ta and point towards a possible TRSB signal. The change in relaxation rate is quite evident, with an increase of 0.015 µs −1 below T C , which corresponds to a characteristic field strength |B int | = √ 2∆/γ µ = 0.25 G. Interestingly, a similar pattern has been exhibited by ∆(T) in Nb 0. 18 Re 0.82 [20] which ascertains TRSB in the compound. In fact, a small longitudinal field of 15 mT was sufficient to decouple the muon spins from the internal magnetic field as shown in Fig. 6(a) , indicating that the relevant fields in the spectra are static or quasistatic on the time scale of the muon precession. Despite the clear difference in the ZF-µSR spectra recorded in the normal and superconducting states [see Fig. 6(a) ], ∆(T) does not show distinct changes across T C . In order to check how the increase of ∆(T) is correlated with T C , two types of fit have been made using (a) BCS-type function where T C = 8 K was kept fixed and (b) linear function which takes into account the whole temperature range. The goodness of fit is better for the linear function than the BCS-type function which point towards the probable presence of spin fluctuations, proposed in a few compounds such as Cs 2 Cr 3 As 3 [52] and RRuB 2 (R=Lu,Y) [53] . Though the later proposed behaviour has been observed only in Λ for the mentioned compounds, an analogy has been drawn in the case of Re 5.5 Ta. A similar type of behaviour in ∆(T) has also been observed in a compound, Be 22 Re [54] . The electronic relaxation rate Λ(T ) remains mostly constant in the studied temperature range as shown in Fig. 6(c) . Therefore, from the present results obtained via ZF-µSR measurement, a definite conclusion cannot be drawn regarding a clear signature for TRSB in Re 5.5 Ta. The possibility of spin fluctuations in ∆(T) can be due to the high atomic percentage of Re in Re 5.5 Ta. In order to see how the spin fluctuations and TRSB signal correlated with Re atomic percentage, further experiments such as muon spin relaxation, NMR on a Re-Ta compound containing a less atomic percentage of Re must be performed. Moreover, the presence of spin fluctuations in the system can be detected by NMR and NQR measurements.
Electronic properties and the Uemura plot
In order to determine the London penetration depth, electronic mean free path and to verify dirty limit superconductivity for Re 5.5 Ta, a following set of equations has been used. The relation between Sommerfeld coefficient, quasiparticle number density per unit volume and mean free path is given via the expression
where k B is the Boltzmann constant, V f.u. is the volume of a formula unit, N A is the Avogadro number and m * is the effective mass of quasiparticles. Residual resistivity is related to Fermi velocity v F , and electronic mean free A plot between the superconducting transition temperature Tc and the effective Fermi temperature TF where Re5.5Ta along with some other members of α-Mn family is shown by solid green markers [28, 55] . The data points [56, 57] between two solid blue lines represent the band of unconventionality.
path l by the expression l = 3π
whereas the Fermi velocity v F can be expressed in terms of quasiparticle carrier density and effective mass by
The expression for the penetration depth λ GL (0) in dirty limit is given by
where ξ 0 is the BCS coherence length and the first term in the bracket represents the London penetration depth λ L . In the dirty limit at T = 0 K, Ginzburg-Landau coherence length ξ GL (0) and BCS coherence length ξ 0 are related by the expression
The above Eqs. (17) (18) (19) (20) (21) were solved simultaneously to estimate the parameters m * , n, l, and ξ 0 as done in Ref. [55] by using the values of γ n = 25.33 ± 1.52 mJ mol −1 K −2 , ξ GL (0) = 45 ± 1 Å, and ρ 0 = 89.95 ± 0.08 µ Ω-cm. All the calculated parameters are listed in Table  II , and the ratio of ξ 0 /l clearly indicates that Re 5.5 Ta is in the dirty limit. The order of calculated parameters matches well with other non-centrosymmetric α-Mn superconductors where dirty limit superconductivity was observed [25, 55] .
Uemura et al. [58] provide a classification between conventional and unconventional superconductors according 
where n is the quasi-particle number density per unit volume, and m * is the effective mass of quasi-particles. By considering both the calculated values of n and m * listed in Table II , the estimated value of T F = 2040 K for Re 5.5 Ta. The ratio T C T F has been found out to be 0.0038 which places Re 5.5 Ta closer to the band of unconventional superconductors side among all the other members of α-Mn family [28, 55] , shown by solid green symbols in Fig. 7 and the solid blue lines representing the band of unconventional superconductors.
IV. CONCLUSION
Detailed transport, magnetization, specific heat and muon spectroscopy measurements have been carried out on Re 5.5 Ta. The above measurements show type-II superconductivity with T C = 7.95 K, with strong electronphonon coupling. Interestingly, the calculated value of H C2 (0) (∼ 16.9 T) is higher than the Pauli paramagnetic limit H P (∼ 14.7 T), which suggests the possible presence of mixed spin singlet and triplet superconducting ground state similar to other Re 6 X series of compounds.
A comparison between superconducting state parameters of Re 5.5 Ta and Re 3 Ta has been made in Table II . The enhanced superconducting transition temperature, upper critical field, and ∆C el γnT C indicates that unconventional superconducting properties in the compounds of Re 6 X series may arise because of the presence of high atomic % of Re. It also suggests that the critical amount of high atomic number elements can be used to induce unconventional superconducting properties in the standard BCS superconductors. The temperature dependence of both electronic specific heat and TF-µSR data suggests a fully gapped s-wave superconductivity. ZF-µSR measurement suggests a probable presence of spin fluctuations and TRSB cannot be concluded in the superconducting state of Re 5.5 Ta. To develop a clearer understanding of the nature of the superconducting ground state, it will be necessary to find the origin of the temperature dependence of ∆ in ZF measurement and further experimental work is required on the single crystal of Re 5.5 Ta. 
